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Avian tail ontogeny, pygostyle 
formation, and interpretation of 
juvenile Mesozoic specimens
Dana J. Rashid1, Kevin Surya2, Luis M. Chiappe3, Nathan Carroll3, Kimball L. Garrett4, Bino 
Varghese5, Alida Bailleul6,7, Jingmai K. O’Connor  7, Susan C. Chapman  8 & John R. Horner1,9
The avian tail played a critical role in the evolutionary transition from long- to short-tailed birds, yet 
its ontogeny in extant birds has largely been ignored. This deficit has hampered efforts to effectively 
identify intermediate species during the Mesozoic transition to short tails. Here we show that fusion of 
distal vertebrae into the pygostyle structure does not occur in extant birds until near skeletal maturity, 
and mineralization of vertebral processes also occurs long after hatching. Evidence for post-hatching 
pygostyle formation is also demonstrated in two Cretaceous specimens, a juvenile enantiornithine 
and a subadult basal ornithuromorph. These findings call for reinterpretations of Zhongornis haoae, 
a Cretaceous bird hypothesized to be an intermediate in the long- to short-tailed bird transition, and 
of the recently discovered coelurosaur tail embedded in amber. Zhongornis, as a juvenile, may not yet 
have formed a pygostyle, and the amber-embedded tail specimen is reinterpreted as possibly avian. 
Analyses of relative pygostyle lengths in extant and Cretaceous birds suggests the number of vertebrae 
incorporated into the pygostyle has varied considerably, further complicating the interpretation of 
potential transitional species. In addition, this analysis of avian tail development reveals the generation 
and loss of intervertebral discs in the pygostyle, vertebral bodies derived from different kinds of 
cartilage, and alternative modes of caudal vertebral process morphogenesis in birds. These findings 
demonstrate that avian tail ontogeny is a crucial parameter specifically for the interpretation of 
Mesozoic specimens, and generally for insights into vertebrae formation.
As increasing numbers of Mesozoic avian fossils are discovered, analyses of these specimens are continually mod-
ifying our views of bird evolution. The biology of extant birds provides a framework for interpreting the fossil 
specimens, and while extensive research has been conducted on multiple and varied aspects of extant birds, many 
features remain to be studied. One such feature that is often ignored but paradoxically is critical to avian evolu-
tion is the tail. The tail underwent considerable morphological change, from the long, reptilian-like ancestral 
condition to the short, distally fused tail of pygostylian birds. While the search for intermediate species in the 
transition to short tails has been extensive, the consequences of ontogeny have not been sufficiently considered. 
This investigation of avian tail ontogeny reveals several phenomena critical not only to interpretation of Mesozoic 
specimens, but also to the study of vertebral morphogenesis.
The transition from long to short tails coincided with the emergence of the Pygostylia group, which includes 
those birds with the compound skeletal pygostyle structure at the distal end of a shortened tail1,2. Additional 
changes in the avian axial skeleton, including substantial fusion of sacral vertebrae and bone fusions in the 
extremities have persisted in modern birds, and are a testament to their adaptive advantages. The contributions 
of these bone fusions and tail truncation to a more streamlined, fortified skeleton are thought to improve flight 
1Department of Cell Biology and Neuroscience, Montana State University, Bozeman, MT, 59717, USA. 2Honors 
College, Montana State University, Bozeman, MT, 59717, USA. 3Dinosaur Institute, Los Angeles County Museum 
of Natural History, Los Angeles, CA, 90007, USA. 4Section of Ornithology, Los Angeles County Museum of Natural 
History, Los Angeles, CA, 90007, USA. 5Keck School of Medicine, University of Southern California, Los Angeles, 
CA, 90033, USA. 6Department of Pathology and Anatomy, University of Missouri, Columbia, MO, 65211, USA. 7Key 
Laboratory of Vertebrate Evolution and Human Origins, Institute of Vertebrate Paleontology and Paleoanthropology, 
Chinese Academy of Sciences, Beijing, 10010, China. 8Department of Biological Sciences, Clemson University, 
Clemson, SC, 29634, USA. 9Chapman University, Orange, CA, 92866, USA. Susan C. Chapman and John R. Horner 
contributed equally to this work. Correspondence and requests for materials should be addressed to D.J.R. (email: 
danarashid5@gmail.com)
Received: 27 March 2018
Accepted: 23 May 2018
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2SCientifiC REPORTS |  (2018) 8:9014  | DOI:10.1038/s41598-018-27336-x
dynamics and stability3. As such, the transition to short tails played a substantial role in bird evolution and the 
eventual domination of volant-derived ecological niches.
Numerous fossil discoveries from the Late Jurassic and Early Cretaceous are filling in the gaps of the long- 
to short-tailed transition. Archaeopteryx, a Jurassic dinosaur generally recognized as the first bird, exhibited a 
mosaic suite of features both avian- and non-avian-like4–6. Its designation as avian marks the somewhat contested 
emergence of true flight, but the increasing discoveries of additional paravians blurs that line. The evolution of 
birds was clearly a continuum, and had as its foundation a myriad of feathered, flapping maniraptoran dinosaurs. 
Among the Cretaceous paravians were Jeholornis and Microraptor. These, like Archaeopteryx, sported long ances-
tral tails and a lack of a distal pygostyle. Interestingly, they coexisted with pygostylian birds, as evidenced by their 
colocalization in the Jehol fossil beds in Northeastern China7,8.
Earlier analyses of vertebrate mutations indicated that at least some pygostylian features could have arisen 
from very few mutations. These analyses were conducted in mice, and indicated that mutations that cause tail ver-
tebrae to fuse also usually decrease the number of caudal vertebrae9. Additional pleiotropic effects of tail shorten-
ing and tail fusing mutations include more extensive vertebral fusion along the axial column, as well as peripheral 
fusions in the limbs, akin to the bone fusions observed in Pygostylia birds9. Applying these mutation effects to the 
fossil record, they point to a distinct possibility that the abrupt transition to short tails could have been the result 
of multiple pleiotropic effects of a relatively few number of Cretaceous mutations. In addition, they suggest that 
certain intermediate species in the long- to short-tailed avian transition were less likely to have occurred, such 
as species with short tails lacking a pygostyle10. Strong selection for truncated tails likely also contributed to the 
relatively sudden appearance of short-tailed birds in the fossil record. A shortened tail is advantageous for flight, 
as evidenced by reduced tails in other flying vertebrates such as pterosaurs and bats, and by analyses indicating 
shorter tails are more aerodynamically favorable11. The tail of Pteranodon, a short-tailed pterodactyloid, has been 
described as distally fused12, reinforcing a potential link between tail shortening and caudal vertebral fusion. 
Caudipteryx, a non-avian oviraptorosaur, also had a distally fused tail with fewer caudal vertebrae than other 
oviraptorosaurs lacking distal fusion13. More discoveries of Cretaceous avians will help resolve the question of 
intermediates, either by identifications of transitional species, or by the continued lack of them.
The absence of information on early ontogenetic changes in the extant bird tail, and the consequential inabil-
ity to extrapolate that information to juvenile Cretaceous specimens prompted this study. Pygostyle formation 
was analyzed across a variety of extant bird clades, and was found to occur as a progressive post-hatching event. 
Evidence for post-hatch pygostyle fusion was also found in Mesozoic specimens, presented in this study and 
elsewhere in the literature. Additional analyses revealed three previously undescribed phenomena in extant birds: 
1), mineralized caudal vertebral shape changes considerably post hatching; 2), caudal vertebrae are derived from 
different forms of cartilage; and 3), vertebral process morphogenesis can be achieved by alternate mechanisms. 
The number of pygostyle vertebrae was also examined, and it was found that some groups of Cretaceous birds 
incorporated significantly more vertebrae into their pygostyle than other groups of extant and extinct avians. 
Relevant to Mesozoic specimens, the lack of a pygostyle in juveniles and a variable number of relatively featureless 
caudal vertebrae can blur the distinction of transitional species. These data call for a reinterpretation of specimens 
such as Zhongornis14, a juvenile proposed to be an intermediate in the long- to short-tailed avian transition, and 
the recent discovery of the coelurosaur tail embedded in amber15. Consideration of ontogeny events is therefore 
crucial to the interpretation of Cretaceous juvenile specimens.
Results and Discussion
Chicken pygostyle formation. The chicken was utilized as an easily accessible model to study pygostyle 
formation, which had not been previously investigated in depth. Successively aged chicken tails from late embry-
onic stages to six months post hatching were collected and analyzed by histology (Fig. 1A). While some studies 
have suggested that pygostyle fusion (and hence formation) occurs during embryonic cartilage development9,16,17, 
closer examination shows that pygostyle vertebrae in the chicken do not fuse until post hatching. Discrepancies 
with previous studies are likely due to differences in how the analyses were conducted, largely by wholemount 
alcian blue and alizarin red staining. Alcian blue stains different types of cartilage equivalently, so that both 
intervertebral discs and cartilaginous pre-vertebrae were indistinguishable, making the pygostyle region in 
embryo stages appear as a single fused structure. Alcian blue with picrosirius red on semi-thin paraffin sections, 
however, provides enhanced resolution and enables differentiation between the red cartilage of the intervertebral 
from the blue cartilage of the vertebral endplates. To verify unfused mineralized pygostyle vertebrae after hatch-
ing, juvenile chicken pygostyles were further analyzed by microCT scanning (Fig. 1B,C), which confirmed sep-
arate pygostyle vertebrae at seven to eight weeks old. In the chicken, pygostyle fusion is progressive, and occurs 
in the distal to proximal direction. At eight days post-hatching, all four core pygostyle vertebrae are separate and 
distinct. By five months of age, the core pygostyle vertebrae are fully fused. Pygostyle formation in the chicken, 
therefore, occurs as a post-hatch event between ossified vertebrae.
Internal pygostyle anatomy in extant birds has not been previously described, and several interesting features 
of the fusion process itself are observed. Intervertebral discs, for example, initially form but are subsequently 
lost by tissue remodeling, though the discs within the pygostyle are narrower than in the free caudal vertebrae 
(the unfused vertebrae proximal to the pygostyle) (Fig. 1A). The pygostyle discs may be an atavistic trait, indic-
ative of a long-tailed ancestor. In addition, the spinal cord persists in the pygostyle after fusion, and terminates 
prior to the distal end in the chicken (Fig. 1B,C). Persistence of the spinal cord channel was also observed in a 
Confuciusornis pygostyle18, indicating this aspect has been conserved across bird evolution. By 1.5 years of age in 
the chicken, complete trabecular bone remodeling within the pygostyle erases any trace of intervertebral discs, 
and hence any trace of the original separate vertebrae (Fig. 1C).
Pygostyle formation occurring after vertebral ossification is highly relevant to the interpretation of juvenile 
Cretaceous specimens, particularly at the long- to short-tailed transition. The fossil record is devoid of clear 
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transitional forms, which could be due to rapid cladogenesis, in which species with transitional morphologies 
are less likely to be recovered. The search for potential intermediate species has been extensive, and one possible 
candidate was identified. Zhongornis haoae, from the Yixian Jehol Biota, dating to 125 Ma, was postulated to 
be a short-tailed bird lacking a pygostyle14. This specimen, however, is a juvenile, and its pygostyle may not yet 
have fused in ontogeny. Until a full-grown specimen is discovered, to indicate whether adults of this species had 
unfused pygostyle vertebrae, the Zhongornis haoae holotype cannot be definitively identified as an intermediate 
in the long- to short-tailed transition. Zhongornis thus exemplifies the difficulties in interpreting the caudal mor-
phology of juvenile specimens.
Juvenile vertebral shape differs significantly from adults. Ossification sequence is a critical param-
eter to consider when analyzing juvenile fossils. The vertebral ossification sequence has best been described in 
humans, and begins in the embryo with formation of three primary ossification centers, one within the primary 
cartilage model of the vertebral centrum and two for the two halves of the neural arch cartilage model19. The 
vertebral centra, followed by the medial components of the neural arches, ossify by endochondral ossification. 
Ossification of the distal ends of the spinous and transverse processes, however, does not begin until puberty (as 
evidenced by x-ray scans, described as secondary ossification centers), and is not completed until approximately 
25 years of age20. In humans, therefore, the ultimate shapes of bony vertebrae are not established until early 
adulthood.
Caudal vertebral ossification in the chicken was followed to determine whether ontogenetic change of cal-
cified vertebral shape is also observed in birds (Fig. 2). For this study, a transverse process is defined as a lateral 
process derived from the neural arch21. Transverse processes are observed as dorsolateral projections in free 
caudal and pygostyle vertebrae (Fig. 2G, white arrowheads). The more substantial vertebral processes emanate 
ventrolaterally from the centrum. These have previously been described as transverse processes22, but because 
Figure 1. Timeline of pygostyle formation in the chicken. (A) Alcian blue and picrosirius red histology staining 
on semi-thin paraffin sections of progressively older pygostyles, mid-sagittal views, distal to the left and dorsal 
to the top. At 8 days post hatching, D8, intervertebral discs are present and no fusion is observed, but by D168, 
all ossified pygostyle vertebrae have fused. Intervertebral discs are marked with color-coded arrowheads 
to track their progressive dismantling by tissue remodeling; the hatched arrowhead indicates a disc in the 
process of disassemblage during vertebral fusion. The yellow arrow in this and subsequent panels indicates the 
spinal cord channel. Fusion of chicken pygostyle vertebrae therefore requires 5 months for completion, and 
occurs in the distal to proximal direction. (B,B′) MicroCT scan of 7–8 week old juvenile chicken pygostyle, 
mid-sagittal and surface views, respectively; distal to the left. MicroCT scanning confirms unfused pygostyle 
vertebrae in the juvenile. (C,C′) MicroCT scan of 1.5 year old adult chicken pygostyle, mid-sagittal and surface 
views, respectively. After pygostyle vertebrae fusion, the spinal cord channel is retained but trabecular bone 
remodeling removes all traces of intervertebral discs.
www.nature.com/scientificreports/
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they are not neural arch-derived, are termed here as parapophyses (Fig. 2C,G black arrowheads). At embryonic 
day 19 (E19), approximately two days prior to hatching, wholemount alcian blue and alizarin red staining shows 
that primary ossification centers have formed to the end of the tail, but all tail parapophyses remain cartilaginous 
and uncalcified (Fig. 2A). Endochondral ossification of vertebral centra in the pygostyle region is observed at 
this stage (Fig. 2B). By four days post hatching, the centra have ossified, but parapophyses have still not calcified 
throughout the entire tail (Fig. 2C). At the seven to eight week juvenile stage, von Kossa and Masson’s trichrome 
staining (Fig. 2D,H) reveal that in the (partially fused) pygostyle, calcification of centra and medial neural arch 
components has occurred, but notably, the distal ends from both the transverse processes and parapophyses 
remain cartilaginous and uncalcified. Humans and birds, therefore, share an ontogenetic pattern whereby the tips 
of vertebral processes do not ossify until later in ontogeny.
Interestingly, histology stains at the 7 to 8 week stage indicate that the cartilages of the transverse and para-
pophyses tips are morphologically identical, but are not equivalent to the hyaline primary cartilage model of 
the embryonic vertebral centra, with significantly greater deposition of fibrous matrix, likely collagen (compare 
Figure 2. Mineralized shapes of tail vertebrae change significantly during ontogeny. (A) Chicken embryonic 
day E19 wholemount alcian blue and alizarin red; dorsal view, proximal to the top. Alcian blue stains 
unmineralized cartilage blue and alizarin red stains mineralized tissue red (appears black in this image). In 
all panels where present, black arrowheads indicate parapophyses. (B) Chicken E19, sagittal view, ossification 
centers in the pygostyle region; alcian blue and picrosirius red; distal to the left; white arrows indicate 
ossification centers. (C) Chicken D4, wholemount alcian blue and alizarin red; dorsal view; distal to the 
left. (D) Chicken 7–8 week old juvenile, pygostyle transverse section, Masson’s Trichrome; dorsal to the top, 
ventral to the bottom; black arrow indicates spinal cord channel; asterisks indicate unfused medial arch halves. 
(E) Higher magnification of left parapophysis from (D). (F) Chicken 7–8 week old juvenile, transverse section 
of left parapophysis, alcian blue and picrosirius red. Compare the red, more sparsely cellular cartilage in this 
parapophysis tissue with the blue hyaline cartilage in (B) (same stain), indicating disparate matrix staining 
likely due to increased collagen in the parapophysis. (G) Chicken 7–8 week juvenile, pygostyle transverse fresh 
cut section, unstained; white arrowheads indicate transverse process extensions. (H) Same tissue as in (G) von 
Kossa, which stains mineralized tissue black. (I) Chicken 4+ years old, pygostyle transverse section, alcian 
blue and picrosirius red. Note that trabecular bone remodeling has extended to the tips of transverse processes 
and parapophyses. (J) MicroCT scan, juvenile Eurypyga helias (LACM 104451) partial tail with pygostyle, 
dorsal view. (K) MicroCT scan, adult E. helias (LACM 90009) partial tail with pygostyle. Note the mineralized 
extensions of parapophyses in the adult relative to the juvenile tail vertebrae. Abbreviations: c - centrum, ID - 
intervertebral disc; NA - neural arch; OF - ossification front; V - vertebra. LACM is the abbreviation for the Los 
Angeles County Museum of Natural History, followed by the specimen number.
www.nature.com/scientificreports/
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Fig. 2B with Fig. 2F). These cartilages, while fiber-rich, are not to be confused with the fibrocartilage of the lig-
aments that attach to the tips. Notably, the ossification front between the centrum and the tips presents as an 
epiphyseal plate, with the distal cartilage serving as the zone of reserve or resting cartilage. With this arrangement, 
growth occurs in the outward direction only, allowing for elongation of ossified processes during this later-stage 
event. Caudal vertebral bodies, therefore, are formed from different forms of cartilage that remodel to bone at 
distinct stages.
While extension of transverse processes in the emu appears to employ the same mechanism (Fig. 3A), evi-
dence for another strategy can be seen in the lesser nighthawk, Chordeiles acutipennis. The juvenile nighthawk 
appears to have additional separate ossified bones, akin to ribs, that fuse into the parapophyses (Fig. 3D,E). 
Caudal ribs have been documented in extinct reptiles, in Phytosauria23, Icthyosauria24, and Plesiosauria25, and 
in extant vertebrates including aquatic salamanders26 and the snapping turtle25. This evidence in the nighthawk, 
however, is the first indication of caudal ribs in birds. These structures were not observed in other juveniles in this 
study (Fig. 3F–H), indicating that more than one mechanism is utilized in birds for vertebral process morpho-
genesis. The data suggests that extension of the caudal transverse processes and parapophyses themselves occurs 
via epiphyseal plate-mediated ossification, which is likely a universal avian (if not vertebrate) trait, but further 
extension can be achieved by incorporating additional bony elements.
Also notable at 7 to 8 weeks old in the central chicken pygostyle is that both halves of the neural arch have 
not yet fused, and those in turn have not fused to the centrum (Fig. 2D). The initially separate neural arch and 
centrum components of the vertebral body is a conserved feature in the vertebrate ossification sequence27. As 
development proceeds in the rostral to caudal direction, at any given stage before complete skeletal maturity, the 
proximal caudal vertebrae will exhibit a greater degree of maturation than at the distal end of the tail, such that 
the pygostyle region is the least developed. In the chicken, by four years old, bone remodeling results in seamless 
trabecular bone in all vertebral components (Fig. 2I). Therefore, analogous to humans, ontogenetic changes in 
ossification sequence in birds cause significant changes in bony vertebral morphology (Fig. 2J,K).
In relation to Cretaceous fossils, these findings indicate that in juveniles, the preserved bony tissue in tail 
vertebrae differs significantly from adult stages. Assuming the ossification sequence observed in the chicken was 
conserved in the Mesozoic, caudal vertebrae in young juveniles likely had reduced calcified processes. Also, with-
out fusion of neural arch components to the centra, the overall shape of vertebrae would be elongated compared 
to later stages. The mineralization state of the vertebral processes notwithstanding, the size and shape of processes 
on pygostyle vertebrae vary significantly in both extant and Cretaceous birds28–30.
The ontogenetic morphology changes in caudal vertebrae indicate the recently discovered coelurosaur tail 
in amber15 may require re-evaluation. This specimen consists of a preserved tail with ten vertebrae and attached 
feathers. Its highly elongated vertebrae and frond-like configuration of rectrices31 suggest a long tail, and thus it 
likely did not belong to the Pygostylia group. However, incompleteness of the material and inferences that the 
specimen is a juvenile obscure its phylogenetic placement. The specimen was interpreted as non-avian, based on 
feather morphology, its age (99 Ma), the absence of vertebral processes, and the concave ventral furrow in the 
vertebrae, not seen in the long-tailed birds Archaeopteryx and Jeholornis. Concerns regarding the interpretation 
of the feather morphology have already been raised32. In terms of age, fossil beds preserving Cretaceous avian 
specimens younger than 120 million years old are relatively scarce; there is no reason to exclude the possibility 
that long-tailed birds existed at that time. In fact, the 75 million-year-old Rahonavis ostromi from Madagascar33, 
with a long skeletal tail preserving 13 vertebrae (the length of the distal-most indicating a much greater caudal 
series), has at times been considered a non-avian dinosaur34–37 and at other times a bird2,33,38. The lack of vertebral 
processes in the amber-embedded specimen may be due to its juvenile state, as seen in the unmineralized pro-
cesses in the juvenile extant bird tails analyzed in this study. Also, a ventral furrow in tail vertebrae is observed in 
some modern bird tails as a morphological feature housing the tail vasculature (Fig. 4)22. These aspects question 
the categorization of this specimen as non-avian; alternatively, it could have been a long-tailed bird, as has been 
independently suggested32.
Different avian groups demonstrated varying numbers of pygostyle vertebrae. Another com-
plication in interpreting juvenile Cretaceous fossils is the number of vertebrae that were incorporated into pygo-
styles. To compare the potentially varying numbers of pygostyle vertebrae between extant and Cretaceous birds, 
pygostyle length as a percent of femur length (an approximation of body size39) was determined for a wide range 
of taxa (Fig. 5A; Supplementary Table 1). The data indicate that the Early Cretaceous confuciusornithids40 and 
enantiornithines41 had larger pygostyles relative to body size than other extinct or extant birds. Sapeornis chaoy-
angensis42 and the basal ornithuromorphs2 included in this analysis, however, had relative pygostyle sizes well 
within the range of extant birds. Assuming that vertebral length remained approximately constant across clades, 
a greater number of vertebrae incorporated into the pygostyle was therefore more likely in confuciusornithids 
and enantiornithines. MicroCT scanning of a Confuciusornis sanctus pygostyle (NGMC 98-8-2;18) indicates that 
in this subadult, approximately eight vertebrae ankylosed into the pygostyle, evident by the number of unfused 
neural arch components (Fig. 3B). A similar estimate is derived from the juvenile enantiornithine specimen 
IVPP V15664 (Fig. 6E). In the extant birds analyzed in this study, the greatest number of pygostyle vertebrae 
was five, estimated for the Humboldt penguin (see Supplementary Fig. 1). Applying these combined data to 
other Cretaceous specimens, the pygostyles in some groups likely incorporated a greater number of vertebrae, 
and if unfused in juveniles, would further obscure the identification of potential intermediates at the long- to 
short-tailed transition.
Pygostyle formation timeframe in multiple bird taxa. As an agricultural animal, the chicken has 
been highly manipulated, calling for a confirmation of post-hatching pygostyle formation in other avians. Fifteen 
juvenile bird skins or fixed whole tails, representing thirteen taxa, were analyzed by microCT for the degree of 
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Figure 3. Commonalities and differences in avian caudal vertebral morphogenesis. (A–F) Morphogenesis 
of parapophyses (Pp) and transverse processes (Tp) occurs by epiphyseal-plate-mediated ossification, but 
further extension can be achieved by fusion of additional ossified elements. (A) 4.5 month old emu transverse 
process from a free caudal vertebra, transverse paraffin section, stained with alcian blue and picrosirius red. 
The morphology of distal transverse process cartilage in the emu is indistinguishable from equivalent staining 
in chicken parapophyses (see Fig. 2F), but these cartilages differ from the embryonic hyaline cartilage model 
(Fig. 2B); (B) chicken D126 proximal pygostyle transverse section, von Kossa stained, area in black rectangle 
magnified in (C) showing nearly complete extension of ossified transverse process by epiphyseal plate-mediated 
ossification that progressed in the medial to distal direction. (D) Juvenile lesser nighthawk (LACM 111218) 
microCT dorsal surface view, showing separate ossified elements (yellow arrowheads), analogous to ribs, 
that fuse into the parapophyses (white arrow) of free caudal vertebrae (pygostyle region noted by white bar). 
Complete fusion of these bony elements to vertebral bodies can be seen in (E) a microCT dorsal view of an adult 
lesser nighthawk (LACM 73857). (F–H) MicroCT dorsal views of juvenile tails with no evidence of caudal ribs; 
(F) juvenile red-headed woodpecker (LACM 111600), this specimen is at a similar ontogenetic stage, but shows 
no evidence of the rib-like bony elements. Caudal ribs are also absent in (G) a juvenile western screech-owl 
(LACM 111461) and in (H) a developmentally more advanced elegant tern (LACM 116139).
www.nature.com/scientificreports/
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pygostyle fusion relative to corresponding adults. Additionally, juvenile and adult skeletal pygostyle specimens 
for a fourteenth taxon are included in these analyses (Supplementary Table 2). In all juvenile specimens, with 
the exception of two or three close to adult size, unfused or partially fused pygostyles were observed (Fig. 6A–C; 
Supplementary Fig. 1). The three major avian groups, neoaves, galloanseriforms, and paleognaths, were repre-
sented in these scans, indicating that post-hatching pygostyle formation is a conserved feature in modern birds, 
and the same appears to be the case in Mesozoic birds43. Consequently, pygostyle fusion is loosely associated 
with ontogenetic stage, so the widely differing timeframes for fusion in different birds are probably reflected 
in the timeframes required to achieve skeletal maturity. For example, pygostyle fusion requires five months in 
the chicken, a 5.5 month old emu has a largely unfused pygostyle, but a California scrub-jay at approximately 
three weeks old has a completely fused pygostyle (Supplementary Fig. 1). Since neoaves tend to reach adult size 
much faster, initiate flight earlier, and also tend to be altricial in the developmental mode spectrum44–47, a more 
extensively sampled study would help determine whether pygostyle formation timeframe is better correlated with 
behavior, developmental mode, or associated genetic group. Among the extant birds analyzed, the trend sug-
gested by this data is that the closer the juvenile to adult size, the greater the chance for complete pygostyle fusion.
Partial pygostyle fusion in Cretaceous specimens. Since pygostyle fusion in juveniles is a regular fea-
ture of extant birds, we sought to determine whether the same phenomenon occurred in Cretaceous avians. 
Evidence for post hatch pygostyle fusion is found in subadult Sapeornithiformes specimens28. In enantiornithines, 
unfused pygostyle vertebrae in juveniles is evident in IVPP 15564 (Fig. 6E), GMV-215948, CNU VB200500149, 
and in a juvenile from Spain50. Subadult specimens of the basal ornithuromorph Archaeorhynchus (IVPP 1707551, 
Fig. 6D) also demonstrate incomplete fusion of the pygostyle. Juvenile confuciusornithiform specimens have not 
been collected, so pygostyle fusion at younger stages cannot be assessed for this group. Pygostyles differ between 
subadult and adult confuciusornithids, however; foramina present in subadult pygostyles are lost with ontogeny, 
indicating remodeling similar to that in neornithines. The total evidence from Cretaceous pygostylians strongly 
suggests late stage formation of the pygostyle was common, similar to extant birds.
In conclusion, this study reveals several aspects of avian tails that impact the interpretation of Mesozoic spec-
imens. From extant bird tails, we observe that pygostyle formation is a post hatch phenomenon, and vertebral 
morphology changes dramatically during ontogeny. For Zhongornis haoae (and for other juvenile Mesozoic avi-
ans), this indicates that lack of a pygostyle does not necessarily indicate an intermediate species in the long- to 
short-tailed evolutionary transition. Also, the much reduced vertebral processes on juvenile caudal vertebrae can 
obscure the differentiation between taxa, as seen for the coelurosaur tail in amber. This specimen is reinterpreted 
here as possibly avian. Enantiornithines and confuciusornithids likely incorporated more vertebrae into their 
pygostyles, another factor relevant to the transition to short tails. Apart from these findings, tail development 
includes the generation and subsequent loss of intervertebral discs in the pygostyle region, the formation of ver-
tebrae from disparate types of cartilage, and alternative modes of vertebral process extension. Collectively, these 
data point to the importance of tail ontogeny in vertebral development and evolutionary analyses.
Figure 4. A ventral furrow in caudal vertebrae is a common extant avian trait. A ventral furrow or concave 
surface in extant avians shelters the ventral tail vasculature. This vasculature includes the branched aorta artery, 
as well as caudal veins11. (A) A transverse paraffin section of a 7–8 week old chicken juvenile pygostyle stained 
with alcian blue and picrosirius red; blood vessels are noted by the black arrowheads. A ventral caudal furrow is 
evident in the proximal caudal vertebrae in (B) a red-tailed hawk, Buteo jamaicensis skeletal tail (MOR 1230), 
especially in the pygostyle region, and in the entire tail in (C) a golden eagle, Aquila chrysaetos (MOR 116) 
(ventral views). (D) Enlarged ventrolateral view of the golden eagle pygostyle, showing the deeply recessed 
furrow. MOR is the abbreviation for the Museum of the Rockies.
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Methods
Animals. Extant birds. For histology, Bovan Brown X Rhode Island Red chickens raised at Clemson 
University Poultry Farm were collected every two weeks after hatching for six months. The 1.5 year old chicken 
was purchased from a local farm, and the 4+ years old chicken was obtained from Susan Chapman. For the 7 
to 8 weeks timepoint, Cornish rock roaster chickens (Springdale Hutterite Colony) were purchased from a local 
market. Frozen emu carcasses at 3.5 and 5.5 months post-hatch were obtained from the Montana Emu Farm 
(Kalispell, Montana). For microCT scanning, skin and skeletal specimens were selected from the ornithology 
collections of the Los Angeles County Museum of Natural History. These specimens, as well as avian skeletal 
specimens from the Museum of the Rockies, were digitally photographed. For specific specimen numbers, please 
see the relevant figure legends in both the manuscript proper as well as in the Supplementary Information online. 
MicroCT scanning was also performed on commercial roaster chickens and on tail tissue extracted from the emu 
specimens. All harvesting of live animals were conducted in accordance with approved protocols at Clemson 
Figure 5. Some Mesozoic birds formed a relatively longer pygostyle than extant birds. (A) The percent of 
adult pygostyle length to femur length was plotted for four different Cretaceous (red) and three different 
extant (orange) bird groups. The data shows great variation in relative pygostyle lengths overall, and suggests 
that confuciusornithiformes and enantiornithes incorporated more vertebrae into their pygostyle (n: number 
of specimens measured). (B) MicroCT scan of a Confuciusornis pygostyle (NGMC 98-8-2); distal to the left, 
dorsal to the top. Red arrows indicate intervertebral foramen from incompletely fused neural arches which 
theoretically correlate to the original number of pygostyle vertebrae before fusion. The break in the middle 
is due to a thin bone section removed for histology17, with the two pygostyle halves digitally reconstructed. 
Silhouettes were either taken from public domain images on phylopic.org (Protopteryx, Matt Martyniuk; 
Gallus, Steven Traver; and Buteo, Lauren Anderson), or drawn by D. Rashid (Confuciusornithiformes, 
Sapeornithiformes, Stem Ornithuromorpha, and Palaeognathae silhouettes). NGMC is the abbreviation for the 
National Geological Museum of China.
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University (post-hatch; Animal Use Protocol 2011-041) and at Montana State University (late-stage embryos, 
IACUC Protocol 2015-26).
Fossil specimens. The Confusiusornis sanctus pygostyle, in two halves, was prepped away from the rest of the 
slab-embedded specimen (NGMC 98-8-2), and the base was coated with wax for stabilization prior to microCT 
scanning. A young enantiornithine (IVPP 15664, taxon unknown) and a juvenile basal ornithuromorph, 
Archaeorhynchus (IVPP 17075, species unknown), were photographed from the Institute of Paleontology and 
Paleoanthropology (IVPP) collections in China.
Histology. Paraffin embedding and staining. Tail tissue was fixed in either neutral buffered formalin or 4% 
PFA for two to four days, depending on size. Following one to three days of washing in PBS, the tissue was dem-
ineralized by EDTA (Decalcifying Solution EDTA/Sucrose, Newcomer Supply). Demineralized tissue was then 
processed for wax embedding in a Tissue Tek VIP 6 processor starting with an ethanol series until dehydrated. 
Tissue was then cleared in Clear Rite followed by Tissue Prep paraffin. Samples were then embedded in Tissue 
Tek paraffin using the Tissue Tek TEC embedding station. Five to seven micron sections were cut using a Jung 
RM2035 microtome, and transferred to glass slides. Picrosirius red, which primarily stains collagen fibers, was 
used as a stain for intervertebral discs, and alcian blue, which stains acidic polysaccharides, was utilized for its 
general cartilage staining. Masson’s Trichrome stain was utilized to differentiate between mineralized (purple) 
and unmineralized cartilage (blue). For these stains, paraffin sections were dewaxed with xylenes, and rehydrated 
through a series of EtOH washes to water. Alcian blue and picrosirius red staining was performed as described 
in52, with minor changes. Briefly, rehydrated sections on slides were stained with alcian blue (0.048% alcian blue 
dye, 70% EtOH, 20% glacial acetic acid) for 15 minutes, followed by a water wash, then one hour in picrosirius 
red (0.1% Direct red 80, Sigma, in 1.3% saturated picric acid). The slides were subsequently washed in acidified 
water (0.5% glacial acetic acid), dehydrated through a series of EtOH washes to xylenes, and mounted in DPX 
mounting media. For Masson’s Trichrome staining, a modified Masson’s Trichrome method53 was performed. 
Slides were dehydrated with a graded series of ethanol, rinsed in deionized water, stained for 10 min with Mayer’s 
acid hematoxylin (Sigma MSH-32), rinsed in running distilled water, rinsed in Scott’s tap water, and rinsed again 
in deionized water. Sections were subsequently stained with Xylidine Ponceau/Acid Fuschin for 2 min (equal vol-
umes of 0.5% xylidine ponceau 2 R CI no. 16150 in 1% acetic acid and 0.5% acid fuchsin CI no. 42685 in 1% acetic 
acid), rinsed in deionized water, stained for 4 min with 1% phosphomolybdic acid, rinsed in deionized water, 
stained with light green for 90 seconds (2% light green CI 42095 in 2% citric acid, diluted 1:10 with deionized 
Figure 6. Unfused juvenile pygostyles in extant and Cretaceous birds. White arrows indicate intervertebral 
spaces (empty arrowhead indicates possible intervertebral space); white bars indicate linear extent of pygostyles; 
all pygostyles distal to the left, dorsal to the top. (A) 5.5 month old emu pygostyle, microCT mid-sagittal view. 
(A′) Adult emu pygostyle. (B) Juvenile mallard duck distal tail, microCT mid-sagittal view. (B′) Adult mallard 
duck distal tail. (C) Juvenile Wilson’s snipe distal tail, microCT sagittal view. (C′) Adult Wilson’s snipe distal tail. 
(D) Juvenile Archaeorhynchus IVPP 17075. (E) Juvenile enantiornithine, IVPP 15664.
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water prior to use) and rinsed in deionized water. Sections were then dipped two times in 100% Ethanol, cleared 
in xylene, and finally coverslipped with Permount (Fisher Scientific). Higher magnification images were obtained 
with a Zeiss Axioscope A.1 in conjunction with a Jenoptik ProgRes C14 Plus digital camera and accompanying 
software. Lower magnification images of whole sections were obtained using a Canon CanoScan 9000 F Mark II 
scanner with slide holder.
Wholemount and von Kossa staining. To differentiate mineralized bone from unmineralized cartilage, alcian 
blue and alizarin red staining was performed in wholemount tissue, and von Kossa was performed on unfixed, 
sliced tissue. Alizarin red is a calcium-sensitive dye that stains mineralized tissue red, and von Kossa is a 
silver-based stain that is phosphate sensitive, and stains mineralized tissue black. Alcian blue and alizarin red 
staining was performed using a protocol modified from54. Briefly, tissue was fixed in 95% EtOH for five days, fol-
lowed by co-staining with alcian blue and alizarin red (0.015% alcian blue, 0.005% alizarin red-S, 5% glacial acetic 
acid, and 71.25% EtOH) for 4 days at 40 °C. Tissue was then cleared in 2% KOH for 3 days, followed by clearing 
in 1% KOH in 20% glycerol until internal structures were visible. Final clearing was achieved by gentle rocking 
in 50%, 80%, then 100% glycerol for 2 days each. For von Kossa staining, a juvenile chicken pygostyle dissected 
free of skin and surrounding tissue was sliced by hand in transverse sections (approx. 1.5 mm thick) with a razor 
blade. The sections were transferred to a concave glass slide, and von Kossa stained according to the kit instruc-
tions (Silver staining kit acc. to von Kossa; EMD Millipore). The reaction was allowed to proceed under bright 
incandescent light for 5 minutes for the silver nitrate solution, followed by 5 minutes in the sodium thiosulfate 
solution. Stained tissue slices were subsequently imaged with either a Unitron TCS tablet mounted on a Zeiss 
Stemi 200c dissecting microscope for lower resolution images, or a Zeiss Stemi SV11 stereoscope with a Jenoptik 
ProgRes C14 camera using associated software for higher resolution imaging. All staining procedures complied 
with mandated Montana State University biosafety regulations.
Pygostyle and femur length measurements. To investigate how pygostyle relative size evolved 
throughout the avian lineage, the mean pygostyle length/femur length was calculated for the seven extinct and 
extant clades; note that stem Ornithuromorpha is paraphyletic. The greatest dimension of pygostyle lengths were 
measured from the anterior-most ventral process to the distal tip of the lamina. This is a conservative measure-
ment for estimating relative vertebral count in the pygostyle, considering some adult pygostyles are elaborated 
dorsoposteriorly, making pygostyles appear potentially larger relative to the number of vertebrae incorporated 
into them. Total femur length was measured as a proxy for body size39. For extant taxa, total pygostyle length and 
total femur length of 152 adult extant specimens (64 representative species from major extant clades) were meas-
ured from the Los Angeles County Natural History Museum (LACM) and Museum of the Rockies (MOR) orni-
thology collections. Whenever possible (40 of the 64 species), at least three specimens per species were measured. 
Next, the mean pygostyle length/femur length was calculated for the three major extant clades. For extinct taxa, 
the pygostyle/femur lengths of 40 specimens were collected from published sources28. Osteological specimens 
and images from55 were measured with the appropriate calipers, and measurements from Wang and colleagues 
were provided in their article (Table 1 in28). The mean pygostyle length/femur length for the seven extinct and 
extant clades was subsequently calculated and plotted by bar graph. The upper 99% Confidence interval was 
calculated for each clade, noted in Supplementary Table 2. For the bar graph, silhouettes were either taken from 
public domain images on phylopic.org (Protopteryx, Matt Martyniuk; Gallus, Steven Traver; and Buteo, Lauren 
Anderson), or drawn by D. Rashid (Confuciusornithiformes, Sapeornithiformes, Stem Ornithuromorpha, and 
Palaeognathae silhouettes).
3D imaging by microCT analysis. MicroCT of formalin-fixed chicken and emu tissue was performed by 
the Bone Pathology Laboratory at the Mayo Clinic (Rochester, MN), and the bird skins and skeletal microCT 
scans (including the Confuciusornis sanctus pygostyle) were performed by the Molecular Imaging Center at the 
University of Southern California (Los Angeles, CA). The CT scans were performed in air on a XT H 225 S T 
micro-CT scanner (Nikon Metrology, Brighton, MI) with a PerkinElmer 1621 detector at 70 kVp, 100 uA, 1000 ms 
exposure, 1000 projections/360 degree and 24 dB gain to create an isotropic 10–16 micron voxel volume of each 
specimen. Raw data was reconstructed in CT Pro 3D v 4.3.4 (XT Software Suite, Nikon Metrology) and volume 
rendering was performed using Amira® 5.3.3 (Visualization Sciences Group, Burlington, MA). For the bird skin 
specimens, extraneous surrounding tissue was pared away digitally, to reveal tail vertebrae anatomy. Various 
views of specimen tail vertebrae were generated, including dorsal and sagittal surface views, as well as mid-sagittal 
plane views.
Statistics. Statistical analyses for this study are limited to data presented in Fig. 5 and in Supplementary 
Table 1. The bar graph in Fig. 5 shows the mean total pygostyle length/femur length of specimens within each bird 
group with indicated error bars (the bar graph and the error bars were created using Microsoft Excel). The error 
bars represent the upper 99% CI. The value of n (sample size) represents the number of specimens measured, 
noted in SupplementaryTable 1.
Availability of Materials and Data. With the exception of microCT raw data, all data generated or ana-
lyzed during this study are included in this published article (and its Supplementary Information files). MicroCT 
raw data is available upon request from D. Rashid. All museum specimens described are available upon request, 
on site, from their respective museums.
www.nature.com/scientificreports/
1 1SCientifiC REPORTS |  (2018) 8:9014  | DOI:10.1038/s41598-018-27336-x
References
 1. Chatterjee, S. The Rise of Birds: 225 Million Years of Evolution, (Johns Hopkins University Press) (1997).
 2. Chiappe, L. M. & Witmer, L. M. Mesozoic Birds: Above the Heads of Dinosaurs, (Berkeley, Los Angeles, and London: University of 
California Press) (2002).
 3. Heers, A. M. & Dial, K. P. From extant to extinct: locomotor ontogeny and the evolution of avian flight. Trends Ecol Evol 27, 296–305 
(2012).
 4. Huxley, T. H. On the animals which are most nearly intermediate between birds and reptiles. Geol. Mag. 5, 357–365 (1868).
 5. Huxley, T. H. Further Evidence of the Affinity between the Dinosaurian Reptiles and Birds. Quarterly Journal of the Geological 
Society 26, 12–31 (1870).
 6. Ostrom, J. H. Archaeopteryx and the origin of birds. Biological Journal of the Linnean Society 8, 91–182 (1976).
 7. Zhou, Z. & Zhang, F. A long-tailed, seed-eating bird from the Early Cretaceous of China. Nature 418, 405–409 (2002).
 8. Xu, X. et al. Four-winged dinosaurs from China. Nature 421, 335–340 (2003).
 9. Rashid, D. et al. From dinosaurs to birds: a tail of evolution. EvoDevo Journal 5, 25 (2014).
 10. You, H.-L. A tale of a ‘middle’tail. National Science Review 1, 487 (2014).
 11. Clark, C. J. & Dudley, R. Flight costs of long, sexually selected tails in hummingbirds. Proceedings. Biological sciences 276, 2109–2115 
(2009).
 12. Bennett, S. C. New evidence on the tail of Pterosaur Pteranodon (Archosauria: Pterosauria). In Fourth Symposium on Mesozoic 
Terrestrial Ecosystems and Biota, P. M. C & Koster, E. H., eds (Tyrrell Museum of Palaeontology, Drumheller), pp. 18–23 (1987).
 13. Barsbold, R. et al. A pygostyle from a non-avian theropod. Nature 403, 155–156 (2000).
 14. Gao, C. et al. A new basal lineage of Early Cretaceous birds from China and its implications on the evolution of the avian tail. 
Palaeontology 51, 775–791 (2008).
 15. Xing, L. et al. A Feathered Dinosaur Tail with Primitive Plumage Trapped in Mid-Cretaceous Amber. Current Biology 26, 3352–3360 
(2016).
 16. Maxwell, E. E. Comparative embryonic development of the skeleton of the domestic turkey Meleagris gallopavo and other galliform 
birds. Zoology 111, 242–257 (2008).
 17. Maxwell, E. E., Harrison, L. B. & Larsson, H. C. Assessing the phylogenetic utility of sequence heterochrony: evolution of avian 
ossification sequences as a case study. Zoology (Jena, Germany) 113, 57–66 (2010).
 18. De Ricqlès, A. J., Padian, K., Horner, J. R., Lamm, E. T. & Myhrvold, N. Osteohistology of Confuciusornis sanctus (Theropoda: 
Aves). Journal of Vertebrate Paleontology 23, 373–386 (2003).
 19. Bareggi, R., Grill, V., Zweyer, M., Narducci, P. & Forabosco, A. A quantitative study on the spatial and temporal ossification patterns 
of vertebral centra and neural arches and their relationship to the fetal age. Annals of anatomy, Anatomischer Anzeiger: official 
publication of the Anatomische Gesellschaft 176, 311–317 (1994).
 20. Bogduk, N. Clinical and Radiological Anatomy of the Lumbar Spine E-Book, (Elsevier Health Sciences) (2012).
 21. Hale, W. G., Saunders, W. A. & Margham, J. P. Collins Dictionary of Biology, 3rd Edition, (Harpercollins Pub Ltd) (2005).
 22. Baumel, J. Functional Morphology of the Tail Apparatus of the Pigeon (Columba livia), 1 Edition, (Springer-Verlag Berlin 
Heidelberg) (1988).
 23. MacGregor, J. H. The Phytosauria, with special reference to Mystriosuchus and Rhitidodon., Volume 9, part 2 (1906).
 24. ZIttel, K. A. Handbuch der Paleontologie, Vertebrata, Volume Abth. I., Bd. III, (Munchen and Leipzig), (1887–1890).
 25. Moodie, R. The sacrum of the Lacertilia, Volume 13, (Lancaster Press) (1907).
 26. Mivart, S. G. On the axial skeleton of the Urodela, (Proceedings of the Zoological Society of London) (1870).
 27. Stiassny, M. L. J., Parenti, L. R. & Johnson, G. D. Interrelationships of Fishes, (Elsevier Science) (1996).
 28. Wang, W. & O’Connor, J. Morphological coevolution of the pygostyle and tail feathers in Early Cretaceous birds. Palasiatica 
Vertebrata 55, 1–26 (2017).
 29. Marshall, W. Beobachtungen uber den Vogelschwanz. Niederl. Archiv F. Zool. Bnd I, 194–210 (1872).
 30. Felice, R. N. & O’Connor, P. M. Ecology and Caudal Skeletal Morphology in Birds: The Convergent Evolution of Pygostyle Shape in 
Underwater Foraging Taxa. PLOS ONE 9, e89737 (2014).
 31. Gatesy, S. M. & Dial, K. P. From frond to fan: Archaeopteryx and the evolution of short-tailed birds. Evolution 50, 2037–2048 (1996).
 32. Lambertz, M. Phylogenetic placement, developmental trajectories and evolutionary implications of a feathered dinosaur tail in Mid-
Cretaceous amber. Current Biology 27, R215–R216 (2017).
 33. Forster, C. A., Sampson, S. D., Chiappe, L. M. & Krause, D. W. The theropod ancestry of birds: new evidence from the Late 
Cretaceous of Madagascar. Science 279, 1915–1919 (1998).
 34. Lee, M. S. & Worthy, T. H. Likelihood reinstates Archaeopteryx as a primitive bird. Biology letters 8, 299–303 (2012).
 35. Turner, A. H., Makovicky, P. J. & Norell, M. A. A Review of Dromaeosaurid Systematics and Paravian Phylogeny. Bulletin of the 
American Museum of Natural History, 1–206 (2012).
 36. Choiniere, J. N. et al. A juvenile specimen of a new coelurosaur (Dinosauria: Theropoda) from the Middle–Late Jurassic Shishugou 
Formation of Xinjiang, People’s Republic of China. Journal of Systematic Palaeontology 12, 177–215 (2014).
 37. Xu, X. et al. A bizarre Jurassic maniraptoran theropod with preserved evidence of membranous wings. Nature 521, 70–73 (2015).
 38. Lefèvre, U., Hu, D., Escuillié, F., Dyke, G. & Godefroit, P. A new long-tailed basal bird from the Lower Cretaceous of Northeastern 
China. Biological Journal of the Linnean Society 113, 790–804 (2014).
 39. Serrano, F. J., Palmqvist, P. & Sanz, J. L. Multivariate analysis of neognath skeletal measurements: implications for body mass 
estimation in Mesozoic birds. Zoological Journal of the Linnean Society 173, 929–955 (2015).
 40. Chiappe, L. M. Anatomy and Systematics of the Confuciusornithidae (Theropoda: Aves) from the late Mesozoic of Northeastern 
China. Bulletin of The American Museum of Natural History, 1–89 (1999).
 41. Chiappe, L. M. & Walker, C. A. Skeletal morphology and systematics of the Cretaceous Euenantiornithes (Ornithothoraces: 
Enantiornithes). In Mesozoic Birds: Above the Heads of Dinosaurs, Chiappe, L. M. & Witmer, L., eds (Berkeley: University of 
California Press), pp. 240–267 (2002).
 42. Zhou, Z. & Zhang, F. Largest Bird from the Early Cretaceous and Its Implications for the Earliest Avian Ecological Diversification. 
Naturwissenschaften 89, 34–38 (2002).
 43. Knoll, F. et al. A diminutive perinate European Enantiornithes reveals an asynchronous ossification pattern in early birds. Nature 
Communications 9, 937 (2018).
 44. Starck, J. Comparative morphology and cytokinetics of skeletal growth in hatchlings of altricial and precocial birds. Zoologischer 
Anzeiger 235, 53–76 (1996).
 45. Starck, J. M. & Ricklefs, R. E. A Growth and Development: Evolution Within the Altricial-precocial Spectrum, (Oxford University 
Press) (1998).
 46. Blom, J. & Lilja, C. A comparative study of embryonic development of some bird species with different patterns of postnatal growth. 
Zoology 108, 81–95 (2005).
 47. Blom, J. & Lilja, C. A comparative study of growth, skeletal development and eggshell composition in some species of birds. Journal 
of Zoology 262, 361–369 (2004).
 48. Chiappe, L. M., Shu’An, J. I. & Qiang, J. I. Juvenile Birds from the Early Cretaceous of China: Implications for Enantiornithine 
Ontogeny. American Museum Novitates, 1–46 (2007).
 49. Zihui, Z. et al. The First Mesozoic Heterodactyl Bird from China. Acta Geologica Sinica - English Edition 80, 631–635 (2006).
www.nature.com/scientificreports/
1 2SCientifiC REPORTS |  (2018) 8:9014  | DOI:10.1038/s41598-018-27336-x
 50. Sanz, J. L. et al. An early Cretaceous pellet. Nature 409, 998–1000 (2001).
 51. Zhou, S., Zhou, Z. & O’Connor, J. K. Anatomy of the basal ornithuromorph bird Archaeorhynchus spathula from the Early 
Cretaceous of Liaoning, China. Journal of Vertebrate Paleontology 33, 141–152 (2013).
 52. Mohiuddin, Y. S. Intervertebral disc development in chickens. Volume Masters of Science. (University of Florida) (2011).
 53. Witten, P. E. & Hall, B. K. Seasonal changes in the lower jaw skeleton in male Atlantic salmon (Salmo salar L.): remodelling and 
regression of the kype after spawning. Journal of Anatomy 203, 435–450 (2003).
 54. Erdogan, D., Kadioglu, D. & Peker, T. Visualization of the fetal skeletal system by double staining with alizarin red and alcian blue. 
Gazi Medical Journal 6, 55–58 (1995).
 55. Chiappe, L. M. & Qingjin, M. Birds of Stone: Chinese Avian Fossils from the Age of Dinosaurs, (Johns Hopkins University Press) 
(2016).
Acknowledgements
We would like to thank the staffs at the Mayo Clinic Bone Pathology Laboratory, and at the Molecular Imaging 
Center at USC for microCT scanning advice and analysis. Our histology analyses could not have been performed 
without the paraffin processing and sectioning expertise of Maria Jerome at the core histology facility at MSU 
(funded by National Institutes of Health IDeA Program COBRE Grant GM110732). We are grateful to Ellen 
Lamm at the Museum of the Rockies for preparation of the Confuciusornis pygostyle and to Casey Holliday for 
the use of his histology laboratory. For emu specimens, we heartily thank Don Collins at the Montana Emu Farm 
in Kalispell, MT for his donation of frozen carcasses, and Yellowstone Wild Game Processing in Bozeman, MT for 
processing those carcasses. We also thank Rick Feeney at the LA Museum of Natural History for performing x-ray 
scans of the bird skin specimens, and John Scannella and Amy Atwater at the Museum of the Rockies for access 
to and handling of MOR specimens. Thanks also go to Holly Woodward Ballard and Cary Woodruff for relevant 
discussions related to this study. This project was funded by a donation from George Lucas, by an MSU Faculty of 
Excellence Grant to D. Rashid, and by NIH/NIDCD under award number R01DC009236 to S. Chapman. Support 
for K. Surya was granted through the INBRE undergraduate program at Montana State University (NIH/NIGMS 
award number P20GM103474), as well as a Student Research Grant from the Montana Academy of Sciences and 
a Student Collections Study Award from the Los Angeles County Museum of Natural History.
Author Contributions
D.J.R. supervised the project, collected data, and wrote the paper. K.S. contributed to data collection, including all 
specimen measurements, participated in project conceptualization, and contributed to figure preparation. L.M.C. 
supervised the Mesozoic interpretations of the study, and collection of data from the L.A. County Museum of 
Natural HIstory. N.C. contributed to the selection and microCT scanning of LACM specimens. K.L.G. played 
a supervisory role in selecting appropriate LACM specimens. B.V. performed the 3D microCT reconstructions. 
A.B. contributed to histology staining and interpretation of histology data. J.K.O. photographed IVPP specimens 
and contributed to their analyses. S.C.C. contributed to project supervision, performed wholemount staining, and 
provided most of the chicken tail material. J.R.H. played an overall supervisory role, and contributed to funding 
acquisition. All authors contributed to editing the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27336-x.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
